Nuclear magnetic resonance data of the 51 V nucleus in an YVO4 single crystal doped with Nd are obtained using a Fourier-transform nuclear magnetic resonance (NMR) spectrometer in the temperature range of 180 K ∼ 410 K. The spin-lattice relaxation mechanisms are investigated, and the dominant mechanism at temperatures above 280 K is found to be the Raman process because the spin lattice relaxation rate of the 51 V nucleus is proportional to the square of the
I. INTRODUCTION
Compact laser diode (LD) working in the visible as well as infrared regions has extensive applications in the industrial fields, therapeutic, military, and scientific research because of their advantages regarding enhanced efficiency, compactness, stability, lifetime and beam quality [1, 2] . Such lasers are often created by rareearth doping of appropriate host crystals.
For instance, beam displacers, polarizers and optical isolators are applications of pure YVO 4 single crystal owing to its large birefringence [3, 4] . YVO 4 :Nd single crystal is an excellent laser material currently used in laser diode (LD) pumped solid-state laser for electronics and optical applications. Compared to Nd:YAG (Yttrium Aluminum Garnet: Y 3 Al 5 O 12 ), it has superior laser characteristics such as low lasing threshold, high slope efficiency, and low temperature dependence of pump wavelength [5] [6] [7] [8] [9] [10] . The Nd-doped YVO 4 single crystal (1 at% of Nd) exhibit a high optical transparency * E-mail: thyeom@cju.ac.kr and a high absorption coefficient at 400 -5000 nm, and a large stimulated emission cross section of about 3 × 10 −13 cm 2 which is several times larger than that of Nd:YAG. Since the fluorescence life time is as short as 90 µs, it is a suitable material for continuous wave (CW) oscillation [7] . Owing to the strong birefringence characteristic of YVO 4 :Nd crystal, linearly polarized emission can be obtained.
Since the report of LD excited high lasing efficiency (slope efficiency: about 50 ∼ 60%), YVO 4 :Nd has been attracting attention [7] . However, it is very challenging to obtain a high quality YVO 4 :Nd single crystal because of the difficulty in crystal growing. The YVO 4 :Nd single crystal has been grown using various methods including the Verneuil method, the Flux method, and the Czochralski method from the end of the 1960's [11] [12] [13] . Since V 2 O 5 evaporates easily during growth, the crystal composition was not congruent, making it challenging to obtain high quality YVO 4 :Nd single crystals. The YVO 4 :Nd laser has thermal problems and does not exceed the practicality of Nd:YAG lasers. This disadvantage has been alleviated by the LD excitation method, and therefore the necessity of high quality YVO 4 :Nd single crystal growth has arisen [14] .
Lasing properties are highly influenced by the concentration of the impurity ion in solid-state laser materials. The degradation of lasing properties is more likely to occur due to self-quenching when the dopant concentration is exceedingly high. Nevertheless, the increase in the concentration of active ion in the host single crystal can improve lasing properties by allowing a lower threshold and a higher efficiency emission. This stems from the enhancement in efficiency of excitation light absorption [15] . The color of the YVO 4 :Nd crystal can vary according to different authors. One of the reasons responsible for this variation is the vacancy of oxygen. Another factor is the different optical sources used. Often, the slightest variation in growth conditions or raw materials processing gives different crystal colors [16] .
Yttrium vanadate (YVO 4 ) single crystal occupies a tetragonal crystal with a point group of 4/mmm and a space group of I4 1 /amd (D
4h
). The parameters of the cell are a = b = 7.118 and c = 6.293) [14] . The structure consists of alternating VO 4 tetrahedra and VO 8 bisdisphenoids chains [17] . The single crystal structure of YVO 4 is shown in Fig. 1 of the previous reports [18, 19] 
II. EXPERIMENTS

III. ANALYSIS AND DISCUSSION
The spin-lattice relaxation time of 
where M (0) is the saturated nuclear magnetization when the full recovery is achieved and M (t) is the magnetiza- At temperatures higher than 280 K, 1/T 1 is directly proportional to the squared value of temperature as shown in Fig. 8 . The Raman process, or the relaxation occurring from the two-phonon process, gives the relaxation rate which is proportional to temperature squared in the high temperature limit [27] [28] [29] [30] .
Since ln T 1 of 51 V nucleus is almost proportional to the inverse temperature, under the assumption that T 1 and the correlation time t have a linear relationship, we can deduce E a of 51 V by the Arrhenius equation:
The activation energies E a obtained from 180 K to 280 K is 0.063 meV, whereas E a above 280 K is 35 meV. The smaller activation energy from 180 K up to 280 K suggests that there exists some other relaxation mechanism preferred at lower temperatures. The Nd 3+ paramagnetic impurity contribution to the relaxation mechanism of 51 V nucleus up to 280 K dom- inates the nuclear quadrupole relaxation, which is induced by thermally activated phonons. The quantity C, which is the interaction strength between an impurity ion and a nucleus, is defined by the following equation [31] :
where τ −1 (r) denotes the relaxation rate of a single nucleus and r denotes the distance between the impurity ion and the nucleus. In a powder sample, C is given by [32] Here, the γ n denotes the gyromagnetic ratio, J the angular momentum, γ p the gyromagnetic ratio, γ i the spinlattice relaxation time, and ω e the Larmor frequency of the paramagnetic ion. After the disturbance of the nuclear magnetization, any given nucleus will be first affected by the nearest paramagnetic impurity ions for a short time [26] . Three cases are possible for the nuclear relaxation caused by paramagnetic impurity ions. Firstly, if the delay time t is not long enough for the occurrence of the spin diffusion as in our case, the relaxation process acts as if there is no spin diffusion at all. This indicates that the magnetization follows the equation below for small t values [26] :
where N denotes the paramagnetic ion concentration. The slope of each temperature in the recovery curve can be calculated as depicted in Fig. 6(b) . The gradients can be obtained from the straight line plotted in the short time region. In Eq. (4), C has a close relationship to the spin-lattice relaxation time of the paramagnetic impurity ion. Generally, ω e is several hundred times larger than ω 0 . We assumed that C is directly proportional to 1/τ i from the first term in the brackets of Eq. (4). Therefore, by examining Eqs. (2) - (5), we could deduce that the gradient of the straight line in Fig. 6(b) is directly proportional to C 2 and to exp(−E a /2kT ). In Fig. 9 , the x-axis is 1/T in Kelvin and the y-axis is the gradient in natural logarithm. From the slopes in the graph above, we calculated the activation energy to be E a = 0.05 meV, which is the minimum energy required to activate the paramagnetic ion Nd 3+ and enable it to take part in the spin lattice relaxation of 51 V. This result is considerably close to the E a (0.063 meV) obtained from 
IV. SUMMARY
The nuclear magnetic resonance of 51 V nuclei in a 
